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Integrating Fuel Cell/Electrolyzer/Ultracapacitor
System Into a Stand-Alone Microhydro Plant
Netra Gyawali, Student Member, IEEE, and Yasuharu Ohsawa, Member, IEEE
Abstract—This paper explores the control and opera-
tional aspects of introducing fuel cell/electrolyzer/ultracapacitor
(FC/ELZ/UC) unit into a microhydro power system, replacing the
conventional electronic load controller/dump-load unit. FC/ELZ is
expected to provide long-term energy balance by utilizing the hy-
drogen technology, whereas the UC is employed as buffer storage
for the transient compensation. System configuration is proposed,
control scheme is designed, and the detailed dynamic modeling
is developed for each component of the system. Expected behav-
iors during the sudden load change and hydro input variation are
observed by mathematical simulation. Finally, the results of the
analysis are summarized with their applicability to real system
and the limitation/further scope are indicated.
Index Terms—Converters, electrolyzer (ELZ), energy storage,
fuel cells (FCs), microhydro, renewable sources, stand-alone sys-
tem, ultracapacitor (UC).
I. INTRODUCTION
R ISING environmental concerns, increasing fossil-fuel de-pleting rate, and the recent advent of power electronics
technology are favoring the deployment of renewable type dis-
tributed generation (DG) units around the world. In rural and
remote areas, the DG has drawn further attention for the stand-
alone operation due to the high cost and complexity of transmis-
sion network. Subject to availability, microhydro power (MHP)
system is very attractive among the renewable sources, owing
to its mature technology, minimum civil work, and cheap in-
stallation cost. In many developing countries, the MHP systems
are located in remote area and operated in stand-alone mode,
therefore, the robust and reliable technology manageable by the
local people is required, which applies for the choice for the con-
troller, generator, and turbine technologies. Pelton wheel with
cross flow turbine as a prime-mover and squirrel-cage induction
generator (IG) as electromechanical power converting medium,
is quite popular due to simple and robust technology. Having
lacked the large pond storage, the MHP system is regarded as
the nondispatchable generating unit. Further, due to the small
size of generator (<100 kW), the governor action is not incor-
porated making the free flow of water to hit the turbine. In such
case, the MHP designers have been adopting the electronic load
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controller (ELC) and dump load to balance the power against the
varying load [1]–[4]. An ELC is a power electronics system, ei-
ther IGBT/thyristor switches feeding ac load [4] or the rectifier-
chopper feeding dc load [1]–[3], allowing designated current
flow through the dump load. For the flexible operation, the latter,
similar to the static synchronous compensator (STATCOM), is
preferred as it provides many supplementary functions like vari-
able var supply, harmonic and unbalance compensations, etc.
Considering the low load factor of the rural load, the most
part of generated energy is simply lost through dump load,
though few such plants are reported to use the excess energy
in battery charging and water heating. In order to utilize the
power generated from the MHP system optimally, an effec-
tive storage medium is required for storing the surplus energy,
which can subsequently be reused during the peak load and
time when there is insufficient flow of water. There is wide
scale research/practice of employing battery and other emerg-
ing technologies with wind/photovoltaic (PV) system [5]–[9],
which can also be applicable with MHP. Lead acid battery is
somewhat matured and the tested technology in this regard.
However the cost, size, and the disposal are the constraining
factors for its use in stand-alone mode in remote areas. Fur-
ther, frequent maintenance requirements, limited charging and
discharging cycles are also the bottleneck pertaining to its tech-
nology, and hence, have become less attractive options for the
future. Among others, recent advancement in fuel cell (FC) and
electrolyzer (ELZ) technologies have opened the promising so-
lution by utilizing H2 as the intermediate and long-term storage
medium [7]–[11].
An FC power plant is an electrochemical device, which con-
verts the chemical energy into electrical by using H2 and O2 as
fuels, whereas the ELZ performs the reversed action. Because of
the slow fuel regulation dynamics, the FC cannot provide tran-
sient mitigation, necessitating other buffer storages for transient
power balance. Integration of ultracapacitor (UC) bank with
FC/ELZ is an attractive choice for complete storage domain;
long, medium and the short term, providing high efficiency,
fast load response, flexible and modular structure for the use of
renewable energy system [7], [12]–[14]. This arrangement is ca-
pable of providing power balance in such a way that the FC/ELZ
system would take care of the steady state and the slow varying
demand, and UC would provide the transient compensation.
Integration of FC/ELZ systems with MHP is a new research
field and not found in the mainstream research databases, though
similar system is reported with other renewables (PV and wind)
[6]–[15]. Techno-economical aspects of hydrogen production
from the excess hydroelectricity have been reported in [16],
and [17] discusses a demonstration project of hydrogen station
0885-8969/$26.00 © 2010 IEEE
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located at the Yakushima island. However, these papers do not
cover dynamic electrical model and the reuse of hydrogen in
electricity generation. The FC/ELZ/battery system with hybrid
power is reported in [5] and [11], while the FC/ELZ/UC sys-
tem is discussed in [6]–[9]. Multitudes of these studies provide
the motivation to introduce such concept in MHP system with
change in topology and control structure suitable to it. In these
papers, the UC, ELZ, and dc generating sources are connected
to the regulated dc bus through the dc–dc converter for each.
The ac generating sources are connected to either ac or dc buses
with suitable power electronics interfaces. Such a configuration
bears the less degree of freedom in control. Especially the dc–dc
converter associated with the UC has to regulate both input and
output voltages simultaneously. Further, these configurations do
not give the clear idea of terminal voltage and frequency regu-
lation when connected to ac-linked hybrid system.
This paper addresses the issues by introducing an alternative
topology and control scheme for a stand-alone renewable source
with the FC/ELZ/UC as a storage medium. The FC, ELZ, and
UC all share a common bidirectional dc–dc converter, thereby
relaxing the system with additional burden of the converter and
associated controller. Renewable source (in this case MHP) is
operated to extract maximum power available, whereas FC/ELZ
system is managed to compensate the deficit/excess power in
long term and steady state conditions. The UC is responsible
for the transient load mitigation of the system during rapid
load changing and fault. In addition, it is compatible with the ac
interface, and can provide the effective ac voltage and frequency
regulation without requiring communication lines.
Beginning with synoptic view of the system to be inves-
tigated, the dynamic model of each component is formulated.
The complete system is then integrated, simulated, and analyzed
using matlab/simulink/simpower for the range of load and input
disturbances.
II. SYSTEM OVERVIEW
The objective of the study is to tap the power from the nondis-
patchable renewable source optimally, while fulfilling the vary-
ing load at the same time. For this, a dedicated storage system
with suitable configuration, control, and size is required to com-
bine with it. The selection of unit size involves the optimization
issues related to cost-driven and site-specific solutions, which
is beyond the scope of this paper, so the readers are suggested
to consult other sources like [18], [19]. This study considers the
technical and the operational requirement while sizing the units.
Fig. 1 shows the schematic diagram of the proposed system,
which consists of hydroturbine/IG unit (rated 50 hp) as main
power generating system. Since the turbine is governor free, a
secondary unit is required to compensate the system power un-
balance. Introduction of FC/ELZ/UC system with proper power
electronic interfaces serves the purpose by enabling it to func-
tion as the controllable load/source. As shown in the figure, the
ELZ and FC are connected with UC bus through a bidirectional
chopper allowing the controlled amount of current injected from
them. When there is surplus of power, ELZ is switched on pro-
ducing H2 gas, which then compressed into high pressure and
Fig. 1. Layout of the proposed system.
transmitted to the storage tank. Likewise, when the steady state
power deficit occurs, FC is turned on to compensate it, with the
consumption of H2 from the tank.
It is notable that unlike in the common practice proposed in
many studies, this configuration does not require a separate dc–
dc interface to UC. Instead, the FC/ELZ and UC systems share
an isolating bidirectional dc–dc converter to interface with in-
verter and ac system. The voltage source converter (VSC) serves
as the dc–ac interfacing medium providing tight regulation of
frequency and the magnitude of the terminal ac voltage. In sum-
mary, the proposed scheme replaces the ELC/dump-load unit
adopted in [1]–[4] by an electronically controlled FC/UC/ELZ
unit, thereby providing self-sustainable power solution for wide
range of operating conditions.
While sizing the units, it is roughly estimated that the gener-
ation and the demand of energy would match in long term by
using H2 medium, with no need of importing it. The maximum
load of the system is kept equal to the rated capacity of IG.
Assuming the minimum power from IG in adverse condition as
20% of its rated capacity, an FC with 30 kW would be able to
supply the remaining steady state quota of maximum demand.
Similarly, the size of ELZ is selected considering the extreme
situation of consuming rated power from IG with all loads OFF,
which would make the rating of ELZ about 40 kW. As the sys-
tem demands, rating of the other components (DC1, DC2, and
VSC) are selected as 40 kW for each.
III. MODEL FORMULATION
The primary subsystems involved in the proposed system are:
MHP, FC, ELZ, and UC. These elements are electrically con-
nected with respective buses and load via suitable power elec-
tronics interfaces. Average modeling of the power electronics
converters and the dynamic modeling of the individual compo-
nents are presented in the following sections.
A. IG and Turbine
The detailed dynamic model of IG can be found in many
technical papers and books [20]. Depending upon the require-
ments of the study, modeling is performed in different ref-
erence axes. For the dynamic and transient study, d-q based
modeling either in fixed or synchronously rotating axes, are
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incorporated. This study utilizes the built-in model available in
the matlab/simulink, which consists of the fixed axes d-q equiv-
alent circuit model, including the effect of the magnetic satu-
ration, appropriate for the study [21]. The standard fifth-order
dynamic equations associated with the IG are presented as [3]
d
dt






(Tm − Te) (1)
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where np refers to the number of pole pair, the suffixes d and q
refer to d and q axis (in stator reference frame), s and r to stator
and rotor, and m to the magnetizing component. The moment of
inertia J includes that of turbine and the generator system assum-
ing the stiff coupling between them. The prime-mover model,
consisting of governor-free hydraulic turbine, can be repre-
sented by (2) similar to the constant dc load motor drive [3], [22]
Tm = C1 − C2ωr (2)
where C1 is function of water flow rate and the C2 is the
feedback coefficient of generator speed.
B. Fuel Cell
The FCs are the static electrochemical devices, which convert
chemical energy of fuel into electrical energy. There are various
types of FCs; polymer electrolyte membrane FC, solid oxide
FC (SOFC), alkaline FC, etc. Among them, the SOFC has been
utilized here. An SOFC is effective in high power stand-alone
power applications owing to its high efficiency and thermal sta-
bility. The energy-conversion efficiency of the SOFC stack can
reach up to 65% and its overall efficiency with combined heat
and power (CHP) applications can even reach above 70% [23].
Further, due to high-operating temperature, the SOFC allows
for internal reforming of gaseous fuel inside the FC, which pro-
vides the multifuel applicability [24], [25]. There are various
models of SOFC, depending upon the scope of interest; highly
theoretical based to more application oriented. Among them,
the model given in [25] has been utilized in this study, which
includes detailed dynamic model considering the diffusion phe-
nomena of reactant gases and the double layer charging effect.
The chemical reaction taking place at the electrodes is written as




O2 + 2e− → O2−
⎫⎬
⎭ .
The dynamics of the reactant’s partial pressure involved in
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where the Vis are the volume of the electrode side, pi is the
partial pressure of the ith species (i = H2 ,H2O,O2), Mi is the
mass flow rate of ith species, F is the Faraday constant, Ifc is FC
current, and the R is the gas constant. Based upon the chemical
reactions taken place at cathode and anode, the voltage generated
in a cell (Vcell) can be written by Nernst equation as
Vcell = Ecell − Vact,cell − Vohm ,cell − Vconc,cell (4)
with







Vfc = NcellVcell, Pfc = VfcIfc (5)
where Ecell is the Nernst’s potential, Vact,cell is cell-activation
potential, Vcon,cell is concentration potential, Vohm ,cell is ohmic
potential drop, Eo,cell is Gibbs potential, kE is Boltzmann con-
stant, Pfc is power from FC, Ncell is the number of cell in the
stack, and Tfc is the operating temperature. Notice that Ecell
in (5) consists of reactants’ partial pressure dynamics and con-
sidered as the open circuit voltage when the value of pressures
in (3) are derived at no-load condition. The individual voltage
drop term in (4) can be represented by nonlinear and empirical
relationship as












where Ifc is the FC current, Ilimit is the limiting current, and
η0 , a, b, and Rohm are the parameters of SOFC. To match the
required voltage and power level, a stack is designed based
upon the parameters given in the Appendix. The V–I curve
for the SOFC stack is presented in Fig. 2 with its electrical
model in Fig. 3(a). Fig. 2 shows the three regions. Voltage
drop across the FC associated with low currents is due to the
activation loss inside the SOFC, voltage drop in the middle of
the curve (approximately linear) is due to the ohmic loss in the
FC stack, and voltage drop at the end of the curve is due to
the concentration loss. The electrical model also illustrates the
presence of double-layer capacitor Cfc , apart from the voltage
and nonlinear resistances.
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Fig. 2. Static V–I response of the SOFC.
Fig. 3. Equivalent electrical model of (a) FC and (b) UC.
C. Ultracapacitor
The study has used the classical model of UC [see Fig. 3(b)],
which consists of an electrical double-layer capacitance (Cuc),
an equivalent series resistance (Rs ), and parallel resistance (Rp ).
The Rs represents the charging and discharging resistance,
whereas the Rp models the leakage effects applicable, mainly,
in the long-term energy storage performance of the UC [7], [26].
While designing the desired size of UC, the amount of energy
consumed/drawn from the UC bank (Euc) in extreme condition
is deducted [27], with the specified values of the initial and final






V 2i − V 2f
)
. (7)
When the energy is released from the UC, the magnitude of
the voltage is decreased and vice versa. To match the desired
voltage level and the capacitance, numbers of UC units are
assembled in series and parallel fashion based upon the data
sheet of Maxwell BMOD0110 [28].
D. Electrolyzer
ELZs are the electrochemical devices, which produce hydro-
gen and oxygen by consuming electricity and water, and broadly
characterized as the opposite of the FC system. The modeling
consists of different parts: electrochemical part, electrical part,
thermal part, and hydraulic part. In this study, the thermal mod-
eling is excluded and constant temperature mode is adopted
assuming the large time constant of the thermal model. Here,
the alkaline (KOH) ELZ model proposed as in [29] and [30] is
adopted. Since a unit cell has low value of output potential, a
stack is built embedding number of such units in series.
The electrochemical reaction taking place in the ELZ with
the application of electricity is written as
Anode: 2OH−(aq) → 1
2
O2(g) + H2O + 2e−
Cathode: 2H2O(l) + 2e− → H2(g) + 2OH−(aq)
⎫⎬
⎭ .
According to the Faraday’s law, the hydrogen molar produc-
tion rate as a function of applied current can be written as




where Telz is the temperature of the ELZ, Nelz is the number
of cell in a stack. The Faraday efficiency, η is the function of





with f1 = 50 + 2.5Telz , f2 = 1− 0.00075Telz
⎫⎪⎬
⎪⎭ .
The electrical model of the ELZ is based upon the empirical
parameters whose values are deducted from the experiments.
The V–I relationship of the alkaline ELZ is written as











Uelz = Nelzucell (9b)
where ucell is the voltage drop across one ELZ, u0 is the ther-
modynamic cell voltage (function of temperature and pressure),
u1 and tis are the parameters for the ELZ over voltage, and
ris are the parameters of ohmic resistance. The values of re-
spective parameters are shown in the Appendix with static I–V
curve as shown in Fig. 4. Clearly, the ELZ can be conceived
as a voltage source with internal resistance; both are nonlinear
and sensitive to temperature and the current flow through it.
While developing the stack of rated value, it is considered that
the no-load voltages of FC and ELZ are equal. In other words
making NcellEcell = Nelzu0 , there would be continuous static
I–V curve for FC/ELZ unit, thereby providing smooth transition
between the FC mode to ELZ mode.
The hydraulic part of an ELZ consists of the dynamics of the
resultant gases. If we ignore the H2 leakage rate, the accumulat-
ing rate of the H2 inside is the difference between the production
and the output rates. Based upon the ideal gas law, the resultant





pH2 ,elz = MH2 ,pro −MH2 ,out (10)
where Velz , pH2 , elz , MH2 ,pro andMH2 ,out are the volume of
cathode, partial pressure of hydrogen in cathode, molar hy-
drogen production rate, and molar hydrogen outflow rate,
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Fig. 4. Static V–I characteristics of an alkaline ELZ [29].
Fig. 5. Block diagram of hydrogen production and storage model.
respectively. At steady state, the outflow rate is maintained equal
to the production rate so as to make the pressure constant.
E. Compressor and Tank Model
According to the polytropic compression model, the relation-



















where w is the polytropic work, αcom is compression efficiency,
k is the polytropic coefficient, and ptank is the pressure of storage
tank. Similarly, the stored hydrogen rate in the tank depends
upon the difference between the inflow rate and the outflow






ptank = MH2 ,out −M inH2 (12)
where Ttank and Vtank are the temperature and the volume of
hydrogen inside the tank, respectively, andM inH2 is defined in (3).
Based upon the aforementioned equations, the block diagram of
hydrogen production and storage is constructed and shown in
Fig. 5.
F. Power Electronics Interfaces
Electrical interconnection of the various renewable sources,
storage, and load in a hybrid system necessitate numbers of
power electronics interfaces. In this case, three converters are
used: 1) dc–dc chopper (DC1) for FC/ELZ current regulation;
Fig. 6. Electrical diagram for (a) bidirectional dc–dc chopper, DC1 (b) full
bridge dc–dc converter, DC2.
2) dc–dc forward converter (DC2) to regulate the output dc
voltage; and 3) VSC for the dc–ac interface. In this research,
average model is implemented where the switching function
is substituted by the average value of the corresponding duty
cycle, assuming the switching period is very small with respect
to the system time constant with harmonic effect ignored. These
models are well documented in many papers and books [31]–[
34], therefore, the detailed analysis is ignored here.
The model for the chopper (DC1) is illustrated in Fig. 6(a),
employed to regulate the current through the FC/ELZ and Vuc .
This model resembles the classical two-quadrant dc–dc chopper
with minor modification in switching elements to accommodate
FC/ELZ control action in the same converter. During the power
deficit, the switch pair T3/D1 provide the buck conversion so
that FC would supply the compensating power. Conversely, dur-
ing the surplus of power T2/T1 serve for boost conversion to
consume excess power by ELZ. Notice that in boost mode T2
replaces the usual diode to prevent the current path from FC
to ELZ. If d2(d3) is the duty cycle of T2 (T3) and noting that
d2(d3) is activated when Idc1 < 0(Idc1 > 0), averaged equa-
tions for voltage and current can be written as
Ifc = d3Idc1 , Ielz = −d2Idc1
Vpwm = d3Vfc + d2Velz
}
. (13)
For the regulation of Vdc , full-bridge converter as config-
ured in Fig. 6(b) is implemented because of its: 1) high power
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Fig. 7. Electrical layout of the proposed system.
capability; 2) zero voltage/current switching provision for loss
reduction; and 3) isolation of FC/UC/ELZ system from the rest
of the electrical network. The average model can be deducted





























where δ is the phase shift angle and the other parame-
ters/variables in the earlier equations are defined in Fig. 6(b).
Based upon Fig. 6(b) and (14), the model of DC2 is developed
as presented in Fig. 7.
VSC is represented by the time-averaged model of three-
phase dc–ac switching power converter operated through
pulsewidth modulation (PWM). Ignoring the high frequency
harmonics during the switching, VSC can be seen as a voltage
source from ac side and current source from dc side. Dynamic
equations governing the instantaneous value of ac side voltage
of converter, current exchanged with bus #1 and the dc voltage










































where i1j , v1j and vinv ,j represent the j (=d, q) axes compo-
nents of current, bus #1 voltage, and inverter terminal voltage,
respectively (see Fig. 7). L1 is the equivalent interfacing in-
ductance, R1 is the interfacing resistance, Vdc is the dc-link
voltage, ω is the frequency of ac voltage, Cdc is capacitance of
dc-side capacitor, and Idc is the current from the storage system.
Equation (15b) describes the relationship of vinv with Vdc and
duty cycles, dd/dq (determined by modulation index, type of
PWM and phase angle of rotating vector |vinv |) [31].
G. Controller Model
An efficient control scheme is necessary to manage the power
flow among the hybrid sources in a desired manner. The con-
troller, in this case, is associated with the control action respon-
sible for power electronics interfaces: DC1, DC2, and VSC.
As mentioned in the previous sections, DC1 is responsible to
regulate the current through FC/ELZ and Vuc . Since, Idc1 is
proportional to Ifc or Ielz depending upon the direction of Idc1 ,
it would be convenient to control single variable. For this, a




+ kp(V ∗uc − Vuc). (16)
The first part of (16) ensures that only slow varying and the
steady state part of current flows through the FC/ELZ. The cur-
rent rise time is decided by the parameter Td . This value is
selected with careful consideration of FC parameters: 1) maxi-
mum value of FC current ramp rate and 2) time constant of the
fuel regulation block. Likewise, the second term is responsible
for regulating UC voltage with the help of proportional control
action. Note that the first part in (16) acts as the disturbance feed
forward term that enables the effective control action, while sec-
ond part is associated with the feedback control loop. The design
of the controller with ΔVuc is based upon the allowed range of
Vuc . This, in turn, is decided by the Vfc,min (FC rated voltage),
Velz,max (ELZ rated voltage), Cuc , and the effective operating
range of the duty cycles (d2/d3). In this example, range of Vuc
is taken from 225 to 275 V with its nominal value at 250 V.
Note also that by making Vuc,nom ≤ Vfc,min (250 V), the desired
buck/boost operation of DC1 is ensured.
Once the reference current is defined, the direction Idc1 de-
termines the operating modes of DC1; buck or boost mode. For
Idc1 > 0, the duty cycle (d3) produced from the PI action on
ΔIdc1 generates sw3 to turn T3 through the PWM action and
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Fig. 8. Controller block diagram: (a) dc–dc converters and (b) VSC control.
activates FC, while turning T1/T2 off (with sw2 = sw1 = 0).
Similarly for Idc1 < 0, the duty cycle (d2) produced from the
PI action generates sw2/sw1 to turn T2/T1 in complementary
way through the PWM action and activates ELZ, while turning
T3 off (with sw3 = 0). By forcing the desired value of Idc1
(hence, the current flowing through the FC/ELZ), the control
action provides direct control over UC voltage without using a
separate dc–dc interface.
The purpose of the full-bridge converter is to regulate the out-
put dc voltage, Vdc . The regulation is easily achieved by using
a PI controller. As shown in Fig. 8(a), the controller has inner
loop for current regulation and the outer loop for the voltage
regulation, generating the phase shift (δ) as the controlled vari-
able. The positive value of δ indicates the power deficit and the
negative value indicates the power surplus.
Similarly, the control action of VSC is aimed to regulate the
voltage and the frequency of the ac coupling bus. As shown
in Fig. 8(b), decoupled controlled action is incorporated in syn-
chronous d-q frame. With tight inner current control loop and the
outer voltage regulation loop, the duty cycle for the gate signal
is generated. By this strategy, the ac-coupled renewable source
is seen as the negative dynamic load to the inverter. Notice that
the converter is not employed for dc bus voltage regulation, but
for the direct frequency dictation, unlike in usual grid connected
VSC control schemes. Consequently, when generated power is
greater (less) than load, frequency control action will increase
(decrease) Vdc causing to generate negative (positive) δ, and
ultimately, the surplus (deficit) power will consume (supply) by
ELZ (FC).
From the control action and the circuit configuration of the
system, it can be inferred that the FC/UC/ELZ system intro-
duced in the system is independent of the renewable resources
connected with it. Hence, the MHP used here is a case, which
can be interchanged with other sources like wind and PV power
system.
IV. SIMULATION RESULTS
The dynamic models of the system, as discussed in the pre-
ceding sections, are developed in matlab/simulink environment
to test the proposed scheme with the parameters given in the
Appendix. The study assumes that the load demand is suffi-
ciently supplied by the IG/UC/FC system. The FC, consist-
ing of array of unit cells, is operated in constant fuel utiliza-
tion ratio (UR) mode equals to 0.85. This value of UR justi-
fies the optimum operational mode with higher efficiency and
sufficient margin of safety under the different loading condi-
tions [24], [25]. Previously, the FC and ELZ are warmed up and
kept in standby mode so that they can quickly follow the com-
mand. Further, the H2 is assumed to be available directly from
the tank, ignoring the fuel generation and processing dynamics.
Hence, a simple first-order system with time constant 5 s is as-
sumed as fuel regulation block [25]. When the free flow of water
hits the turbine, the generator starts smoothly (with the aid of
UC charge). Therefore, the ac connection between the inverter
and the point of common coupling (PCC) bus is normally made
on.
To observe the dynamics of the system, the step change in load
and the hydropower input is made. Fig. 9 shows the ac voltage
built-up and rotor speed rise up process. For the smooth startup,
IG is started as motor, voltage and speed build up gradually,
and it shifts into the generator mode. After the stabilization of
ac voltage, different step loads are applied in succession; (30 +
j10) kVA at t = 5 s and−(15 + j5) kVA at t = 15 s, respectively.
Fig. 10 depicts the active power flow dynamics of the system.
Before t = 5 s, since there is no load, the generated power is
fed to UC and ELZ. For 5 s < t < 10 s, the generated power
is still greater than load (Pig > Pload ), and the excess power
continues to flow through the ELZ. At t = 10 s, sudden drop
of Pig is observed due to the change in hydroinput causing the
power deficit. Current through FC gradually rises toward steady
state value to supply the remaining quota of power. Similar type
of dynamics is also observed at t = 15 s, when load demand is
reduced. At t = 15 s, when (15 + j5) kVA load is switched off,
UC is temporarily charged by FC because FC cannot decrease
the current to the desired steady value immediately. Until FC
reaches to newer steady state level, the excess energy has to
be consumed by UC. Similar effect can also be observed in
other switching instants. In other words, it can be observed
that transient unbalance of power at the switching conditions is
supplied/consumed by the UC, whereas the steady state part is
compensated by the FC or ELZ according to generating/loading
conditions. Thus, the fast current transient through FC and ELZ
are strategically avoided as desired. For FC, it cannot follow
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Fig. 9. Stage of (a) PCC voltage built-up and (b) rotor speed rise up.
Fig. 10. Dynamics of power flow through different components.
the quick fuel-flow tracking (due to large fuel regulation time)
leading to the fuel starvation and undesired pressure drop [23].
Hence, the maximum current ramp rate is limited. Similarly for
an ELZ, the fast transient current causes the unwanted pressure
deviation affecting undesirably in efficiency of H2 production
and its life [35].
Fig. 11 shows the responses of various buses: dc voltage,
(Vdc), ac voltage of PCC bus (V1), and UC terminal voltage,
(Vuc). As expected, Vdc and V1 are regulated quickly around
the preset values of 650 and 460 V, respectively. In case of
Vuc , it is loosely regulated around the present value (250 V),
as it is allowed for wide range of fluctuation (in this case 225–
275 V). One of the notable strategies of the control action is
that it can regulate 1) UC voltage and 2) FC/ELZ current (thus,
indirectly UC current, too) without necessitating the additional
bidirectional converter with UC interface. While performing
Fig. 11. Dynamics of voltages at different buses.
Fig. 12. Response of voltages across FC and ELZ terminal.
the control action, it should, however, be noted that there is
tradeoff between these control actions. Since the tight regulation
of UC voltage is not required, setting large time constant for
the charging/discharging of UC provides the tight control of
FC/ELZ current against the varying FC and ELZ voltage (see
Fig. 12). Fig. 12 also illustrates that by sizing the FC/ELZ stack
such that their open circuit voltages are nearly equal, there would
be smooth transition between the buck and boost conversion
modes, without voltage discontinuity.
Similarly, Fig. 13 provides the insight into reactants’ partial
pressure dynamics, which closely follows the response of FC
power dynamics as expected. In the absence of UC, the step
change in the load would cause step change in the Ifc , which
leads to fast change in partial pressure of reactants. Because of
the slower dynamics of fuel regulation block, the FC system
cannot provide the quick compensation for the reactants’ partial
pressure leading to the adverse effect to the system. Hence,
for the stable operation, the time constant of low-pass filter in
(16) should be greater than or equal to the time constant of
the fuel-regulation system. Likewise, Fig. 14 shows the molar
production/consumption rate of hydrogen in ELZ/FC and the
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Fig. 13. Dynamics of partial pressure of reactants.
Fig. 14. (a) Pressure change in storage tank. (b) Consumption and production
of H2 .
Fig. 15. Variation of system frequency.
pressure dynamics of the storage tank. Finally, Fig. 15 depicts
the tight frequency regulation by the inverter control action.
To sum up, these results show that the scheme has successful
performance of meeting the requirements. DC1 regulates the
UC voltage and the FC/ELZ current, DC2 regulates the dc-bus
voltage, and the VSC regulates the frequency and the voltage
of the coupling bus, thereby validating the applicability of the
scheme.
V. CONCLUSION
This paper investigates the integration of FC/ELZ/UC unit
to a stand-alone MHP system by using hydrogen as effec-
tive power/energy balance medium. For a long period of time,
stand-alone MHP has been adopting ELC/dump-load for instan-
taneous power balance, with poor utilization of surplus power.
Replacement of ELC/dump-load by the FC/UC/ELZ unit ad-
dresses the limitations providing the solution for capacity uti-
lization, load leveling and peak load.
In order to investigate the system performance, the system
configuration and the control scheme are presented with de-
tailed and large-scaled nonlinear model of various subsystems
(FC, ELZ, converters, and IG). The simulation results show that
the variables under interest are regulated while fulfilling the
operating requirements, thereby validating its applicability to
the real system. Major limitation, however, to implement the
scheme in real system is the cost effectiveness of the hydrogen
technology with FC/ELZ system. With dynamic research and
advancement in this field, it can be expected that the economics
would be favorable in the future. Likewise, model validation
with the real/experimental situation is expected for further in-
sights of the scheme.
APPENDIX
Parameter used in the study
1) Electrical Network:
Vdc = 650 V, V1 = 460 V, ω0 = 377 rad/s.
2) IG:
Prated = 50 hp, V = 460 V, Lls = 0.0576 p.u.,
rs = 0.0175 p.u., Lls = 0.0576 p.u., Rr = 0.01029 p.u.,
Lm = 2.019 p.u., J = 0.20 p.u. and np = 2.
3) Phoebus Alkaline ELZ.
Pelz,rated = 40 kW, Nelz = 280, Aelz = 0.25 m2 ,
u0 = 1.22 V, z = 2, r1 = 8.05× 10−5 Ωm2
r2 = −2.5× 10−7 Ωm2 ◦C, u1 = 0.185 V,
t1 = −1.002 A−1 m2 , t2 = 8.424 A−1 m2 ◦C,
t3 = 247.3 A−1 m2 ◦C2 , Telz = 80 ◦C.
4) SOFC:
Prated,fc = 30 kW, Ncell = 285, Tfc = 1173 K,
Pa = 3 atm, Pc = 3 atm, F = 96484.6 C/mol, Td = 5 s.
5) UC (Maxwell BM0D0110):
Vmax = 16.2 V, C = 110 F, Imax = 30 A,
ESR = 5.5 mΩ, Ileakage = 1.5 mA.
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6) UC stack:
Prated = 40 kW, Cuc = 32 F, Ns = 17, Np = 5.
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